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R77therefore reflect the operation of the
intact emotion simulation route.
These findings suggest several next
steps. First, because SM is a single
case, it will be essential to pursue these
issues with other amygdala lesion
patients, ideally from a developmental
perspective. Because physiological
fear responses were not assessed in
SM, another important outstanding
question concerns whether her
autonomic and endocrine responses
also showa fear impairment, paralleling
findings in amygdalectomized
monkeys showing blunted stress
hormone responses [16].
Finally, these findings also have
important implications for theoretical
views of how emotion is organized in the
mind and brain. Patient SM’s prominent
and highly specific fear impairments
provide some of the clearest
neuropsychological support to date for
the neural validity of categorical or basic
emotion views of emotion. Such views
propose a limited set of emotions that
have been shaped by evolution to deal
with recurrent adaptive situations, such
as escaping predators [17,18]. The
common thread linking SM’s
impairments is their relation to fear and
threat, a pattern that would not be
predicted from other theories such as
dimensional theories, which emphasize
explanations based on component
dimensions such as arousal and valence
over categorical distinctions [19]. More
broadly, the findings and conclusions
of Feinstein et al. [6] argue against
theoretical views that conceptualize fear
as a unitary psychological construct, or
as mediated by a single neurobiological
mechanism, instantiated in the
amygdala. Instead, multiple pathways
and mechanisms mediate the inductionandexperienceof fear, recruitingmultiple
brain regions, including the amygdala,
hypothalamus, periaqueductal gray
(brainstem), as well as the insula and
other cortical regions (Figure 2).
As suggested by the interconnections
in Figure 2, the regions involved in fear
processing interact dynamically, for
example, in response to the salience of
threats and other contextual factors. For
example, in a study where subjects
played a computerized cat-and-mouse
game in a MRI scanner, when a virtual
predator grew closer and subjective
dreadof realpain inflictedbythepredator
increased, fMRI activity shifted from
ventromedial prefrontal cortex towards
the periaqueductal gray [20]. Integrating
provocative insights from careful
single-case neuropsychological studies
[6] with the ability of neuroimaging to
characterize normal function and online
dynamics offers a promising strategy for
uncovering the complex mechanisms
underlying the human experience of fear
and other emotions.
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Protector of the Minus EndIt has longbeensurmised that cellularmicrotubulesarecappedat theminusends
to prevent their depolymerization. A recent study provides the first definitive
identification of a minus-end-specific capping protein, termed Patronin, which
protects the microtubule arrays of both mitotic and interphase cells.Brian P. O’Rourke and David J. Sharp*
Microtubules form complex and
dynamic arrays with integral roles inmembrane trafficking, cell division,
morphogenesis and migration. The
proper assembly and function of the
microtubule cytoskeleton relies uponthe tight regulatory control of the
polymerization dynamics of
microtubule ends [1]. Our
understanding of the mechanisms
controlling microtubule plus-end
dynamics has advanced rapidly, aided
by the discovery of numerous
plus-end-binding proteins [2]. By
contrast, the regulation and behavior
of theminus end has remained far more
mysterious. However, we may be in for
a change. A recent paper published in
Cell by Goodwin and Vale [3] provides
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Figure 1. Cell-cycle dependent alterations in Patronin’s affinity for microtubule minus ends
stimulate rapid changes in microtubule organization.
During interphase, Patronin stably associates with minus ends, shielding the majority from
KLP10A-induced depolymerization. As the cell progresses towards mitosis, Patronin’s affinity
for minus ends is decreased, allowing for the depolymerization of the interphase array by
KLP10A. Within the prometaphase/metaphase spindle, Patronin remains in a low-affinity state,
thus restraining but not completely inhibiting KLP10A-catalyzed depolymerization of minus
ends at poles. Finally, late in anaphase, Patronin returns to its high-affinity state, strongly
inhibiting KLP10A at poles and, in turn, causing the spindle to elongate.
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which serves to protect the minus end
from depolymerization. Loss of this
capping protein, termed Patronin
(based on the latin Patronus, meaning
protector), results in severe damage
to both interphase and mitotic
microtubule arrays [3].
The assembly properties of
microtubules have been intensively
studied for decades. In vitro,
microtubule plus and minus ends both
exhibit a stochastic switching between
phases of polymerization and
depolymerization, a phenomenon
termed dynamic instability [4]. In cells,
plus ends continue to exhibit dynamic
instability, albeit in a highly controlled
fashion. Minus ends, on the other hand,
enter a highly stabilized state or
rapidly depolymerize [5,6]. It has long
been surmised that minus ends are
capped to prevent their
depolymerization (and/or growth).
However, the nature of such a cap haseluded identification. The discovery
and characterization of Patronin goes
a long way towards filling this void in
our understanding.
Patronin first jumped on the scene
of microtubule regulators following
an RNA interference (RNAi) screen for
Drosophila genes involved in spindle
assembly in S2 cells [7]. Depletion of
Patronin was found to induce
a significant decrease in spindle length,
leading to its initial name of ssp4
(small spindle phenotype 4). In addition
to this mitotic phenotype, interphase
cells lacking Patronin displayed
a severe decrease in microtubule
density with a disproportionate number
of free microtubule fragments near the
cell periphery. These data led to early
speculation that Patronin works by
inhibiting microtubule severing, an
appealing hypothesis given that S2
cells are known to contain several
distinct microtubule-severing enzymes
with important roles in mitosis [8,9].However, Goodwin and Vale [3] now
clearly show that this is not the case
and instead provide data that strongly
support the hypothesis that Patronin
acts as a specific inhibitor ofminus-end
depolymerization — the first of its kind.
Spindles lacking Patronin had an
elevated rate of poleward tubulin flux,
a phenomenon promoted by the
depolymerization of minus ends
focused at the poles [10]. An increase
in this activity could cause the spindle
to shorten by being ‘chewed-up’ from
the poles inward. Similarly, many
interphase microtubules that persisted
after the depletion of Patronin
underwent aberrant minus-end
depolymerization. In some cases, this
was balanced by plus-end
polymerization, allowing these
microtubules to survive and treadmill
through the cytoplasm. Unbalanced
minus-end depolymerization is likely
to be the root cause of the loss of
interphase microtubules observed
following depletion of Patronin by
RNAi.
While microtubules are perfectly
capable of depolymerizing on their
own, Goodwin and Vale go on to
show that Patronin specifically
‘protects’ them from kinesin-13
catalyzed depolymerization. Kinesin-
13s bind to and depolymerize
microtubules from both ends in vitro
and in cells [11]. Co-depletion of
Patronin with the Drosophila
kinesin-13, KLP10A, resulted in
a striking reversal of the short spindle
phenotype and loss of interphase
microtubules. KLP10A had been
previously shown to stimulate
poleward flux and control spindle
length in S2 cells [12,13]. Moreover,
the loss of both proteins was found to
result in a near complete cessation of
minus-end depolymerization in
mitotic and interphase cells. Thus,
KLP10A, and KLP10A alone,
depolymerizes minus ends that have
lost the protection of Patronin, at
least in S2 cells. In a way, this is quite
a striking finding given that
Drosophila contain two additional
kinesin-13 family members known to
regulate microtubule dynamics in this
cell type [14,15]. Co-depletion of
either with Patronin had no
substantial influence on the Patronin
RNAi phenotypes. Why this would be
so awaits further analysis.
Regardless, these data indicate the
cytoplasm to be a very ‘dangerous’
place for unprotected minus ends,
Dispatch
R79which are continually sought and
attacked by kinesin-13s.
In a final set of experiments,
Goodwin and Vale [3] show that
Patronin is a true capping protein that
directly and selectively binds to the
minus end in vitro. Moreover, the
presence of Patronin allows
microtubule minus ends, but not plus
ends, to resist kinesin-13-catalyzed
depolymerization. While not directly
shown, it is speculated that Patronin
competes with kinesin-13s for access
to the minus end — thus shielding the
end from the depolymerase. Patronin
could also modify the morphology of
the minus end to reduce its affinity for
kinesin-13s, which are known to prefer
curved tubulin protofilaments [11]. In
either case, this offers a striking parallel
to a recent study showing that
microtubule plus-ends are also
shielded from kinesin-13s by the
plus-end tracking protein (+TIP) EB3
[16]. Thus, regulation of the protection
of both microtubule ends from
kinesin-13-mediated depolymerization
may be an important and generally
applied mechanism for controlling the
form and function of the microtubule
cytoskeleton. We would suggest that
microtubule-severing enzymes could
also contribute to this by ‘uncapping’
microtubule ends.
While the work of Goodwin and Vale
[3] was restricted to the Drosophila
protein, there is good evidence to
suggest that Patronin’s role as
a minus-end cap is conserved across
evolution. For example, vertebrates
contain three potential classes of
Patronin homologues. A member of
one of these, the mammalian protein
Nezha has been found to selectively
bind minus ends in vitro. In addition,
Nezha localizes and anchors minus
ends to adherens junctions in
epithelial cells [17]. Thus, in some
contexts, minus-end-capping proteins
may be utilized to establish directional
microtubule arrays. A comparative
analysis of the expression, function
and mechanisms of action of the
distinct Patronin proteins from the
same organism should prove
fascinating.
It will also be important to determine
Patronin’s role in cells containing
substantial populations of centrosomal
microtubules which are thought to be
capped at the minus ends by their
nucleating g-tubulin ring complexes.
The microtubule arrays of both
Drosophila S2 and mammalianepithelial cells are primarily
non-centrosomal. It seems most likely
to us that Patronin is particularly
important for stabilizing microtubules
that are released and transported away
from centrosomes, as occurs
frequently in developing neurons and,
perhaps, some migratory cells [18,19].
The use of GFP-tagged Patronin could
provide a means of visualizing the
position and movement of minus ends
in these cells.
In a broader sense, we find it
appealing to posit that regulated shifts
in the relative activities of Patronin and
kinesin-13s provide a mechanism for
rapidly reorganizing the microtubule
cytoskeleton. For example, as cells
enter mitosis, a decrease in Patronin’s
affinity for minus ends, perhaps
stimulated by phosphorylation, could
allow kinesin-13s to rapidly
depolymerize the relatively static
interphase microtubule array and
instigate the assembly of the more
dynamic spindle (Figure 1). Then,
through metaphase and early
anaphase, Patronin would only
partially obstruct kinesin-13-induced
minus-end depolymerization at the
poles, thus serving as regulator of
poleward tubulin flux and, perhaps,
anaphase A chromatid-to-pole motion.
Finally, as the spindle begins its exit
from mitosis, Patronin would once
again return to its high affinity state,
thus ‘turning off’ minus-end
depolymerization and stimulating the
elongation of the spindle during
anaphase B [20].
As we move forward, the
identification of whether and how
Patronin’s association with minus ends
is regulated should be a priority. In
addition, the identification of its protein
binding partners could help further
expand our understanding of
Patronin’s cellular roles. In conclusion,
Goodwin and Vale’s identification of
Patronin as a minus-end cap
represents an extraordinary advance in
no small measure because it opens up
entirely new avenues for understanding
the regulation and function of
microtubule minus ends in a variety of
cellular contexts.References
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